An approximate analysis of LCL converters operating above and below resonance is presented. The study based on replacing the rectifier and load by an equivalent parallel resistance, applies the fundamental harmonics method and the assumption that the current through the diodes of the output rectifier has a sinusoidal waveform. Equations obtained for the conduction angle of these diodes (less than P in Discontinuous and equal to P in Continuous Conduction Modes) are used for the developing the output to input voltage ratio as a function of three independent parameters. The theoretical results coincide with good agreement with the experiments.
INTRODUCTION
LCL converters have a number of advantages: they can operate in both step up and step down modes, they will accommodate a wide range of output to input voltage ratios with a relatively small frequency deviation, and soft switching could be achieved over the entire operating range [ I] - [4] . Approximate analysis of LCL converters operating in Continuous Conduction Mode (CCM) above resonance is described in [4] .
The objective of the present study was to develop a simple approximate analysis of LCL converters operating above and below resonance. The focus of attention was devoted to the Discontinuous Conduction Mode (DCM), but the results are applicable to the Continuous Conduction Mode (CCivl) as well. The study is based on the equivalent circuit concept in which the rectifier and load are replaced by an equivalent parallel resistance [5] , [6] , and applies the fundamental harmonics method.
ANALYSIS
The LCL resonant inverter topology can be implemented as a full-bridge, half-bridge or half-way type [7] , and the output rectifier could be built as a full-wave bridge or as a full-wave center tapped configuration with capacitive output filter. Fig. 1 represents one of the possible realizations of the LCL converter: L&L2 is the LCL resonant tank, T is a transformer, n=nl:n2 is the turns ratio, DI-D4 are the diodes of the rectifier, Ct is the output filter 
Main assumptions
The analysis is carried out under the following main assumptions: a) Switches, diodes, the transformer and all reactive elements are ideal.
b) The current through the diodes D, __. D4 of the output rectifier has a sinusoidal waveform:
. .
where 9 = wt is the normalized time, counting from the diode turn on instant So, t is the real time, w is the operating frequency., h s P. is the conduction angle, lDpt is the peak value of the diode current. The latter can be expressed as a function of the load current I, or load voltage V,: c) The current through the inductor L2 during the conduction angle I is changing linearly:
where lLzo is the initial value of the current iL2 and AIL2 is the increment of the current iL1 during the conduction angle h . This current increment can be expressed as a function of the load voltage referred to the primary nV,:
OL1
Taking into account (2), we transform (4) to: 
and the voltage across the inductor L, has a constant component proportional to the reflected output voltage:
Taking into account (7) -(8) we simplify (6) to:
Taking the derivative o f (9) we find:
Applying ( I ) and (3) we transform (IO):
.
-
From which:
In the last equation:
is the resonant frequency of the series circuit L,C. Applying the assumption:
and taking into account ( 5 ) we obtain from (12) the approximate expression of the conduction angle h as half sum of two angles:
The angle 1, is solution of (12) for the caseS<O.lh, i. e
A ,
while the angle h Z is solution of (12) for the case 9 = 0 5 h : . .
Note that transition to CCM ( h = x) translates (20) to the known expression [5]:
As a next step of analysis we replace the parallel network R i q -L , by the equivalent series network The ratio between the peaks of the fundamental harmonics of the voltages across the inductor L1 and across the diagonal ab of the inverter bridge is defined from the vector diagram (Fig. 5 ) : ( 24) where 'p is the angle between the vectors Vab,llpk and I,,,R,, , while w is the angle between the vectors VL2ll)pk and I,,,R;,; I,,, is the peak of the fundamental current through the network (Fig.4b) .
To obtain the input to output voltage ratio, the peak voltageV,,(lgk in (24) needs to he expressed as a function of the inverter's input voltage V,, while VLz,llpk in the same equation should be expressed as a function of the reflected output voltage nV,.
The instant voltage across ab has a square waveform with steps +V," (Fig. 2) . Therefore, under the first harmonics assumption V,411pk=4V,,Jn is the fundamental harmonics of V,".
The expression VL2(l)pk as a function of nV, is more complicated because the equation vL2 = h V , is valid only during the rectifier conduction angles h < n (Fig. 2) .
We obtain the expression v,,(,)pk = ~(nv,) using following additional assumptions: I. The symmetrical axis of the waveform of the inductor Lz voltage coincides with the middle of the rectifier conduction angle.
2. The waveform of the inductor L2 voltage coincides with its fundamental harmonic during the time intervals when both diodes ofthe rectifier are not conducting. Under these assumotions:
Applying (17), (24) and ( 2 5 ) we derive the expression ofthe output to input voltage ratio as:
The reflected output to input voltage ratio nk,,=nVJV,.
as a function of the normalized operating frequency oh,, load coefficient B and inductances ratio LI/L2, calculated using the obtained equations, is depicted on Fig. 6, a, b. 
EXPERIMENTAL
The experimental set up included a half-bridge inverter and a full bridge output rectifier. The inverter was built around a half bridge configuration with two power MOSFETs (IRF840), LCL resonant tank, and planar transformer (2OOW T250DC-4-24 by Payton, n=3: I ), Inductances of the tank were constructed on ETD29 3F3 cores using Litz wire. The rectifier diodes were MUR460. The input voltage was kept constant around IOOV. Load resistance varied from IOQ to 250n. Parallel inductance L: was 78pH. Series inductance was varied: 16pH, 38.5pH. and 95pH. Operating frequency was varied from 40kHz to SOOkHz, covering all operating modes. Maximum power involved in experiment was 70W. It was limited by high hard-switching losses when operating at low frequencies. Experimental voltage ratios nk, as a function of the load resistance R, for different frequencies (Fig. 7) , and as a function of the operating frequency for different load resistances (Fig. 8, a,b) , show good agreement with the theoretical predictions.
DISCUSSION AND CONCLUSIONS
An approximate analysis of the resonant LCL converter was carried out, based on the equivalent circuit concept and applying the fundamental harmonics method. The convenient approximate closed formed equations derived for the conduction angle and output to input voltage ratio as a function of three independent normalized parameters (frequency, load resistance and inductances ratio) allow to define the operating regime o f the converter for the given circuit parameters and operating frequency and can be used in the design purpose. The analytical results were examined by simulation and experiment and found to be in a good agreement.
Although this study gave focus attention to the DCM, analytical expressions obtained here are applicable to the CCM as well by setting h=x in the calculations.
Notwithstanding the fact that some of the expressions developed in this study looks complex, their use is obviously simple once implemented into computer mathematical packages such as MATLAB, Mathematica or MathCad. Hence, the analytical expressions developed in this study could help the designer to study the behavior of a given LCL converter and to optimize the values of the elements per the target specifications. 
